Local cerebral blood flow (lCBF) was mea sured with P4Cliodoantipyrine in conscious, unrestrained rats during electrical stimulation of the fastigial nucleus (FN). Electrode position in the FN was determined by blood pressure (MABP) responses to stimulation under anesthesia. In nine rats in which MABP responses had been variable under anesthesia, bipolar stimulation (50 Hz, 0.5 ms, I s on/ I s om with currents of 30-100 /-LA after recovery from anesthesia produced stereotypic behavior but little effect on MABP and ICBF. In seven other con scious rats currents could be raised to 75-200 /-LA without inducing seizures, resulting in sustained MABP eleva tions during the ICBF measurement and significantly in creased ICBF in the sensory-motor (+ 45%), parietal
The existence of nerve supplies to the pial, dural, and intracerebral blood vessels is well known, but their role in the regulation of cerebral blood flow (CBF) has been a matter of speculation and debate over much of this century (Wolff, 1936; Lassen, 1959; Sokoloff, 1959; Owman and Edvinsson, 1977; Heistad and Marcus, 1978; Kuschinsky and Wahl, 1978; Purves, 1978; Owman and Hardebo, 1986; Lou et aI., 1987; Edvinsson et aI., 1993) . The most widely accepted view has been that CBF is regu-( + 31 %), and frontal cortices (+ 56%) and the caudate putamen ( + 27%) above control values (n = 9). Glucose utilization, measured with [14C]deoxyglucose, in rats sim ilarly stimulated was significantly increased in six struc tures, including some of the above, indicating increases in ICBF due to metabolic activation. Unilateral or bilateral electrolytic lesions of the FN, placed 6-7 days before lCBF measurement, had negligible effects on resting ICBF and on autoregulation in conscious rats. These re sults fail to support a specific role for the FN in physio logical regulation of cerebral blood flow in unanesthetized rats. Key Words: Autoregulation-Cerebral circulation Cerebral metabolism-Deoxyglucose-[14CjIodoantipy rine-Neurogenic control. lated mainly, if not entirely, by chemical factors. A possible role for neurogenic control gained consid erable support from a series of studies that impli cated the cerebellar fastigial nucleus (FN) in the regulation of CBF. Miura and Reis (1969) first reported that electrical stimulation of the FN in the cat produced marked elevations of systemic blood pressure and heart rate. Shortly thereafter, Doba and Reis (1972) ob served that such stimulation also raised carotid ar terial blood flow passively in proportion to the rise in blood pressure, without any associated change in vascular resistance. These observations have been extended to other species, e.g., monkey (McKee et aI., 1976; Goadsby and Lambert, 1989) , rabbit (Reis et aI., 1982) , and rat (Nakai et aI., 1982) . Nakai et al. (1983) , using the autoradiographic e 4 C]iodoantipy rine ([ 14 C]IAP) (Sakurada et aI., 1978) and [ 14 C]de_ oxyglucose ([ 14 C]DG) (Sokoloff et aI., 1977) tech niques for the quantitative determination of local CBF (lCBF) and glucose utilization (lCMR g lc), re spectively, reported that electrical stimulation of the FN in the rat elicited widespread increases in blood flow throughout the brain without compara-ble changes in local glucose utilization in all of the corresponding structures. These observations were interpreted as evidence that a metabolic component had been eliminated and that the changes in blood flow were due to a neurogenic control mechanism operating via an intrinsic neural pathway associated with the FN.
The studies by Nakai et ai. (1983) , and numerous others that followed (Iadecola et aI., 1983 (Iadecola et aI., , 1986 (Iadecola et aI., , 1987 (Iadecola et aI., , 1993 Reis et aI., 1985; Mraovitch et aI., 1986; Arneric et aI., 1987; Goadsby and Lambert, 1989; Iadecola and Kraig, 1991) , were carried out, however, in animals that were anesthetized, paralyzed, mechanically ventilated, and sometimes bled to minimize rises in blood pres sure. It is difficult to evaluate the physiological sig nificance of the effects under these conditions. An esthetics themselves may have major influences on CBF and metabolism and can alter the reactivities of cerebral vessels to many factors that ordinarily affect them, including even the vasodilatation in duced by FN stimulation (Iadecola et aI., 1990; Tal man et aI., 1991) . In fact, Talman et ai. (1991) ob served in rats that stimulation of the FN did in crease CBF, but the response was delayed and blocked by a-chloralose anesthesia; they concluded that the change in blood flow was not due to a direct neurogenic mechanism but secondary to a meta bolic effect.
The role of the FN in the regulation of the cere bral circulation under normal physiological condi tions is, therefore, yet to be established. To that end, we have studied both the effects of electrical stimulation of the FN on the rates of ICBF and ICMR g lc and of electrolytic lesions of the FN on both the rates and the autoregulation of cerebral blood flow in unanesthetized, conscious, and be having rats.
MATERIALS AND METHODS

Animals
Normal adult male Sprague-Dawley rats (Taconic Farms, Germantown, NY, U.S.A.) weighing 260--360 g were used. The rats were housed in group cages and maintained on an alternate 12-h light/dark cycle with hu midity and temperature controlled at normal levels. Wa ter and food were allowed ad libitum. Three or four days prior to the experiment the rats were SUbjected to a reg imen of training to ensure that they would voluntarily enter and remain quiescent in black, cardboard tents for at least 30 min, thus making it feasible to carry out the procedure for the determination of ICBF without restraint or anesthesia. The training consisted of two 30-min ses sions per day for 3-4 days.
All animal procedures were in accordance with the NIH Guide for Care and Use of Laboratory Animals and were approved by the local Animal Care and Use Com mittee.
Chemicals
The labeled compounds, 4-iodo-[N-methyl-14C] antipyrine ([14C] 
Electrical stimulation of the FN
Placement of electrodes. On the day of the experiment the rat was anesthetized with halothane (5% for induc tion, 0.8-1.5% for maintenance) in 70% N20/30% 02' Polyethylene catheters (PE 50; Clay-Adams, Parsippany, NJ, U.S.A.) were inserted in both femoral arteries and one femoral vein. One arterial catheter was used for con tinuous recording of arterial blood pressure; the other was standardized at exactly 16 cm in length and used for sampling of arterial blood. The venous catheter was used for injection of tracers. The catheters were filled with physiological saline containing 100 U of sodium heparin! ml, and their external ends were plugged with 1.5-cm lengths of monofilament nylon fishing line. The catheters were then threaded subcutaneously to the back approxi mately 5 cm anterior to the base of the tail, where they exited the skin and were secured.
The rat was then placed on a stereotaxic frame (David Kopf Instruments, Tujunga, CA, U. S. A.) with the upper incisor bar initially positioned at -4. 0 mm. A scalp inci sion was made to expose the skull; bleeding was mini mized by cauterization of the skin and periostium and application of bone wax (Ethicon, Johnson & Johnson Co. , Somerville, NJ, U. S.A.) as needed. The position of the incisor bar was then adjusted until the bregma and lambda were at equal heights. An electrode mounted on a micromanipulator with a 20° posterior inclination was po sitioned on the bregma, and the stereotaxic coordinates were recorded as stereotaxic zero. The electrode was then moved caudally 13.5-13.8 mm and 0. 8-0.9 mm lat erally to the left and lowered gradually in 0.2-mm steps through a 0.9-mm burr hole, which had been drilled man ually in the interparietal bone, into the cerebellum. The stimulating electrodes (MS 303/3; Plastics One, Roanoke, VA, U.S.A. ) were bipolar and consisted of twisted stain less steel wires, insulated from each other by an epoxy coating but bare at the tips. The distance between the two electrode tips was about 100 j.Lm, and the total diameter of the electrode was about 200 j.Lm.
The final position of the electrode was established mainly on the basis of the blood pressure responses to stimulation under the anesthesia. Monophasic or biphasic square-wave pulses were delivered through a stimulus isolation unit (BP Isolator; FHC, Brunswick, ME, U. S.A.) from a constant current pulse generator (PUL SAR 5 + , FHC). Similar results were obtained with both types of pulses. The stimulus consisted of a 1O-s train of pulses delivered at a frequency of 50 Hz with a pulse duration of 0.5 ms and a stimulus current of 50-200 !-LA. Stimulus current was measured directly by passing the output from the stimulator across a 100-kfl resistor and displaying the amplitude on a cathode-ray oscilloscope. The effects of stimulation of the FN on systemic blood pressure were examined at each position of the stimulat ing electrode. The electrode was lowered as described above ' until a position was reached at which blood pres sure responses were observed or until a depth of -7.2 mm was reached; this is the depth determined from a rat stereotaxic atlas (Paxinos and Watson, 1986) for the low est margin of the FN. The electrode was then secured in place with dental acrylic cement (Plastics One). The scalp incision was then closed, the exterior portions of the fem oral catheters were coiled and placed in a subcutaneous pocket until the measurement of lCBF, and 5% lidocaine ointment was applied to the surgical wounds. The tem perature of the animal was maintained at 37°C with a heating blanket throughout the procedure. The animal was then returned to its cage and allowed to recover from anesthesia for at least 3 h before the measurement of lCBF.
Stimulation conditions during measurement of ICBF. Three hours after recovery from anesthesia the rats were transferred to an uncovered plastic box; this allowed the rats free movement and the investigators easy access to the catheters. The sequestered ends of the catheters were released from the subcutaneous pouch, and one of the arterial catheters was connected to the pressure trans ducer for continuous recording of systemic blood pres sure. A stimulus current of 30 !-LA (50 Hz, 0.5-ms pulses, 10 s) was applied and raised stepwise. All rats showed stimulus-bound stereotypic behavior, e.g., chewing, sniffing, head-bobbing, and paw-pushing, at a current level of 50-75 !-LA; this was below the level required for blood pressure responses. When the current was further raised in an attempt to elicit a blood pressure response, tonic seizures were occasionally observed in these un anesthetized rats. Therefore, in some rats lCBF was mea sured with stimulus currents that did not produce blood pressure responses but did elicit the typical behavioral responses. In some rats it was possible to raise the stim ulus current to 100-200 !-LA, a level that did increase blood pressure without evidence of motor seizures, and in these lCBF and ICMRglc were also measured.
When the current level had been established as de scribed above, the rat was removed from the plastic box and allowed to enter the black cardboard tent which had been positioned on the guillotine. Arterial blood samples for measurement of P a02, P aco2, hematocrit, and plasma glucose concentration were then drawn from the second arterial catheter. Stimulation of the FN (50-Hz, O.5-ms pulses, intermittent trains of 1 s onl1 s oft) at the selected level of current was then reapplied and continued for about 2 min. A second blood gas analysis was carried out 45 s after starting stimulation, and immediately thereafter the procedure for measurement of ICBF was initiated. Sham-operated control rats with implanted electrodes but with no applied current during the measurement of ICBF were studied similarly.
In the rats in which lCMRglc was determined the elec trodes and sampling catheters were placed as described above. The animals were partially restrained by a plaster cast applied to the lower torso to prevent locomotion and J Cereb Blood Flow Metab, Vol. 15, No. 1, 1995 allowed to recover from the anesthesia for 3 h. Electrical stimulation was initiated 1 min prior to the injection of [14C]DG and continued throughout the 45 min of the ex perimental period.
Lesions of the FN
Placement of electrolytic lesions of the FN. Six or seven days prior to the measurement of ICBF, rats were anesthetized as above and placed in the stereotaxic ap paratus. The bipolar electrodes were inserted into the FN unilaterally (left) or bilaterally as described above for the placement of the stimulating electrodes. The stereotaxic coordinates for the placement of the electrolytic lesions were -13.8 mm for anteroposteriorly, ± 1.1 mm for right-left, and -7.2 mm for depth. Electrolytic lesions were produced by passage of an anodal DC current of 2 rnA for 10-20 s from a DC Constant Current Lesion Maker (Model LM5; Grass Instruments, Quincy, MA, U.S.A.) through one of the two twisted wires of the elec trode. The cathode was placed subcutaneously in the base of the tail. Sham-operated control rats had the elec trodes inserted in place either unilaterally or bilaterally, but no current was applied. After withdrawal of the elec trodes the holes in the skull were filled with dental acrylic cement, the scalp incision was sutured, and 5% lidocaine ointment was applied to the wound. The entire procedure was carried out under anesthesia, and body temperature was maintained at 37°C with a heating blanket. Following surgery the rats were caged individually until measure ment of lCBF.
Examination of effects of lesions of the FN on auto regulation. To determine if lesions of the FN altered au toregulation of the cerebral circulation, lCBF was also measured in rats with either unilateral or bilateral lesions after they were made hypotensive by blood loss. About 10 min before the lCBF measurement 2-4 ml of arterial blood was withdrawn over a 3-to 5-min period until the MABP was reduced to 80-90 mm Hg. After the blood pressure had reached a stable level, arterial P a02, P aco2' and pH were redetermined, and CBF was measured. Sys temic blood pressure was recorded continuously through out the ICBF measurement. Blood sampling during the determination of lCBF had little further effect on sys temic blood pressure, but animals with MABPs <70 mm Hg during the period of measurement of ICBF were ex cluded from further analyses.
Measurement of lCBF
lCBF was measured with the [14C]lA P method (Sakurada et aI., 1978) . The rats in which effects of stim ulation of the FN were to be examined had already been catheterized while under anesthesia for the implantation of the electrodes. Lesions of the FN had, however, been placed a week previously; it was, therefore, necessary to anesthetize the rats again and insert femoral arterial and venous catheters as described above. In all cases at least 3 h was allowed for recovery from surgery and anesthesia before measurement of lCBF, which was always carried out between 12:00 and 3:00 PM under conditions of con stant artificial light and low noise.
The procedure for determination of lCBF was like that described by Sakurada et al. (1978) , except that the [14C]IAP (40 !-LCi in 0.8 ml of physiological saline) was infused continuously through the femoral venous catheter by a computer-driven infusion pump (Model 2400-003; Harvard Apparatus, South Natick, MA, U.S.A.) pro grammed to produce a constantly rising arterial tracer concentration over the approximately I-min experimental period. Timed arterial blood samples were collected di rectly on preweighed filter-paper disks in plastic beakers. The beakers were immediately capped after collection of blood to avoid evaporation and reweighed to determine the sample weights. At a recorded time, approximately 1 min after onset of the infusion, the rat was decapitated through the cardboard tent, and the brain was removed and frozen in isopentane chilled to -40 to -50°C with dry ice. The blood samples were assayed for [14C]IAP concentration, and the frozen brains were sectioned and autoradiographed on Kodak EMC-l x-ray film (Kodak, Rochester, N.Y., U.S.A.) as described previously (Sakurada et aI., 1978) . Local tissue concentrations of 14C were determined by quantitative densitometry of the au toradiograms of the tissue sections and standards with a McIntosh-based digital image-processing system (Image 1.08; W. Rasband, NIMH, Bethesda, MD, U.S.A.).
Computation of local and weighted average bloodflow in the brain. ICBF in 22 brain structures was computed by the operational equation with appropriate correction for lag and washout of dead space in the arterial sampling system (Freygang and Sokoloff, 1958) ; catheter flow rates were adjusted to be at least 40 dead space vol/min to minimize the magnitude of this correction. ICBF for each structure was calculated from its autoradiographic repre sentations on six brain sections. Average blood flow in the brain as a whole, weighted for the relative masses of its component structures, was determined from the in dividual pixel-by-pixel rates of blood flow with the pro gram developed by G. Mies (Max Planck Institut Neuro logische Forschung, Knln, Germany) for use with the McIntosh personal computer and Image program.
Measurement of ICMR gIc
ICMRglc was measured by the autoradiographic [14C]DG method with a 45-min experimental period as described previously (Sokoloff et aI., 1977) .
Decrease
Histological confirmation
Serial sections of cerebellum that included the elec trode tracks were fixed and stained with thionine for his tological confirmation of the sites of the electrode tips or the electrolytic lesions. The anatomical structures in each section were identified by comparison with correspond ing levels in the rat brain atlas of Paxinos and Watson (1986) .
RESULTS
Blood pressure responses to electrical stimulation of the FN Blood pressure responses under anesthesia. FN were stimulated unilaterally with currents of 50-200 j-LA in 21 animals under anesthesia. ICBF was mea sured in 16 and ICMR g lc in 5 of these rats. Of the 16 rats in which ICBF was determined, 10 exhibited stimulus-locked increases in blood pressure ( Fig. 1 , right), and these increases in blood pressure were current dependent up to 200 j-LA (data not shown). Subsequent histological examination showed that the locations of the electrode tips in these 10 rats were distributed from the rostromedial edge of the FN, the specific region of the nucleus designated by Nakai et al. (1982) as the site of the stimulus-related increases in ICBF, to just anterior to the FN. In the other six rats in which ICBF was measured, small stimulus-bound decreases (5-10 mm Hg) in blood pressure were observed in three rats (Fig. 1, left) , and no effects on blood pressure were found in the other three, even with currents as high as 200 j-LA. The electrode tips in these six animals were found by histological examination to be located in various subregions within the FN different from those in the 10 rats in which stimulus-linked increases in blood pressure were observed (Fig. 2 ).
Blood pressure responses in the conscious state during measurement of ICBF and ICMRg/c' Be cause effects of FN stimulation on blood pressure and ICBF have been reported to be related (Doba and Reis, 1972; Nakai et al., 1982) , the 16 stimu lated rats in which ICBF was measured were di vided into two groups. In one group (n = 7) blood pressure was increased, and in the other group (n = 9) blood pressure was unchanged during the mea surement of ICBF (Table la) . When stimulated with 50-75 /-LA all of the conscious rats manifested char acteristic behavioral responses, e.g., sniffing, chewing, head-bobbing, and paw-pushing, but blood pressure, which had been altered by FN stim ulation under anesthesia, was generally unaffected with these lower currents. As the current intensity was increased toward 200 /-LA, however, blood pres sure did increase in seven of the rats, to about 145 mm Hg, within 10 s after initiation of the stimulation and remained close to 140 mm Hg throughout the period of measurement of ICBF (Fig. 3 ). In some rats these higher currents resulted in tonic seizures before blood pressure responses were observed. It was for this reason that ICBF measurements in nine pyramidal tract FIG. 2. Traced diagrams of thionine-stained coronal brain sections showing the loci of the stimulating electrodes in the 16 rats in which blood pressure responses were observed under light halothane/N20 anesthesia. Each section was taken every 120 f.Lm. The loci that elicited blood pressure elevation in 10 rats were located in a region extending from just in front of the FN to the rostromedial edge of the FN. The regions that were found to cause blood pressure decreases were variably located within the nucleus.
J Cereb Blood Flow Metab, Vol. 15, No.1, 1995 animals were carried out with currents below those that caused seizures or blood pressure responses. Of these nine rats, three had shown increases, three small decreases, and three no changes in blood pressure when they had been stimulated with higher currents under anesthesia during the placement of the electrodes (Fig. O. In the seven rats that were stimulated with higher currents during the ICBF measurement significant increases in blood pres sure above their pre stimulation levels and above those of the sham group were observed (Table la) .
ICMR g lc was determined in five rats that showed blood pressure increases during FN stimulation both under anesthesia and after recovery, but two were eliminated from the statistical analyses be cause the blood pressure elevations were not sus tained beyond the first few minutes after injection of the e 4 C]DG. In the remaining three rats blood pressure remained statistically significantly ele vated above their pre stimulation levels and the lev els of the nonstimulated sham control group throughout the procedure for measuring ICMR g lc (Table Ib) .
In none of the animals did systemic blood pres sure ever exceed the upper limit of cerebrovascular autoregulation reported for rats (Hernandez et al., 1978) . Other physiological variables were not af fected regardless of the current intensities (Tables  la and lb) .
Effects of electrical stimulation of the FN on CBF and ICMR gl c
Effects on average blood flow in the brain as a whole. In the nine rats in which blood pressure was unaltered by FN stimulation during measurement of CBF in the conscious state, but in which blood pressure had been increased (n = 3), decreased (n = 3), or unchanged (n = 3) during stimulation un der anesthesia, the average rates of blood flow for the brain as a whole were not significantly different from each other or from the values in the sham control group (n = 9) (analysis of variance; ANOYA). Average CBF in the brain as a whole in the seven rats that were stimulated with higher cur rents and showed blood pressure elevations both under anesthesia and at the time of ICBF measure ment was also not significantly different from that in the previous nine animals or the sham controls (ANOY A). Because of the lack of significant ef fects, these data are not shown.
Effects on ICBF. ICBF was determined in the 22 brain structures listed in Table 2 . The data obtained in the group that was stimulated with lower currents and showed neither blood pressure responses dur ing the measurement of blood flow nor changes in whole brain blood flow also exhibited no right-to left differences in ICBF in any of the structures, and ICBFs in each of these structures did not differ sig nificantly from those in the sham group (data not shown). In the seven rats stimulated with higher currents that showed blood pressure elevations dur ing the ICBF measurement, ICBF was significantly higher in a few of the brain structures compared Representative blood pressure recording from a rat that was stimulated with higher currents (in this case, 150 Il-A) during the ICBF measurement in the conscious state. Biphasic, bipolar stimulation (50 Hz, 0.5 ms, 1 s on/1 s off) produced a sustained blood pressure elevation during the 1-min period of ICBF measurement. MABP never exceeded 150 mm Hg, which is thought to be the upper limit of the autoregulatory range in rats (Hernandez et aI., 1978) . lateral to the side of the stimulation (p < 0.05, paired t test).
Ef fects on ICMRglc' Because the FN stimulation increased ICBF in only a few selected regions, the possibility was considered that these increases were secondary to functional and/or metabolic activation of neural pathways. Therefore, ICMR g \c was mea sured in rats in which the FN was stimulated as in the studies in which the increases in ICBF were found. Statistically significant bilateral increases in ICMR g lc were found in six structures, including most of the same structures in which ICBF had been increased (Table 3 ). In those structures in which statistically significantly increases in either ICBF or ICMR g lc, but not both, were found, increases were generally present in both, though short of statistical significance in one or the other. The correspon dence between the distributions of the cerebral cir culatory and the metabolic effects of the stimulation is illustrated in the e 4 C]lAP and e 4 C]DG autora diograms in Fig. 4 
Effects of electrolytic lesions of the FN
Histological effects. The thionine-stained, coro nal brain section in Fig. 5 , which is from a rat with a unilateral left electrolytic lesion of the FN, illus trates the typical histological appearance of the electrolytic lesions; an electrolytic cavity sur rounded by reactive gliosis covers the entire nu cleus on the left side. The bilateral lesions had the same appearance. The rostral-to-caudal extensions of the lesions in two representative animals, one with a unilateral and the other with a bilateral le sion, are illustrated in Fig. 6 ; the diagrams are trac ings of every sixth 20-l-Lm stained coronal section of brain cut serially at the level of the FN. Only those rats in which the lesions were confined in the FN, as confirmed by histology, were included in our analyses. Animals with intact neurons in the rostro medial part of the nucleus were excluded from the study.
Effects of FN lesions on physiological variables. The spontaneous behavior of the rats with unilateral or bilateral lesions appeared to be entirely normal. Arterial blood pressure, P a02' P aco2, and pH, mea sured just before the procedure to determine ICBF, were unaffected by the unilateral (n = 6) or bilateral (n = 7) lesions and were not significantly different from the values in the sham-operated controls (Ta ble 4). Hypotension was induced by hemorrhage in other rats with unilateral (n = 6) and bilateral (n = 5) lesions, and blood pressure was maintained at markedly reduced levels (e.g., 84-87 mm Hg) but within the range of autoregulation (Hernandez et aI., 1978) preceding and throughout the period of measurement of ICBF (Table 4) . Effects of FN lesions on resting ICBF. Neither unilateral nor bilateral lesions of the FN had any significant effects on average blood flow in the brain as a whole (data not shown). In the normotensive group with unilateral lesions ICBF was slightly but significantly higher in the internal capsule ipsilateral to the lesion than on the contralateral side (p < 0.05, paired t test), but in no structure was ICBF significantly different from its value in the normal sham-operated animals ( Table 5 ). In the animals with bilateral lesions there were no side-to-side dif ferences at all, and, therefore, the right and left val-ues were averaged ( Table 6) . ICBF values in the sensory-motor cortex and lateral geniculate nucleus of this group were, however, significantly above those in the sham-operated control rats (p < 0.05 and p < 0.0 1, respectively, by Dunnett's t test) (Ta ble 6).
Effects of FN lesions on autoregulation.
Neither the unilateral nor the bilateral lesions had signifi cant effects on autoregulation of global CBF within the range of blood pressures examined; despite re ductions in arterial blood pressure of approximately 25-35%, average blood flow in the brain as a whole was fully maintained (data not shown). A few minor but statistically significant effects were found in the 22 individual structures. In the hypotensive rats with unilateral lesions ICBF was statistically signif icantly lower (p < 0.05, paired t test) in the.contra lateral auditory cortex and in the ipsilateral lateral nucleus of the thalamus and inferior colliculus com pared to the values on the opposite side, but none of the values were significantly different from those in the sham-operated controls or in the normotensive rats with comparable lesions (Table 5 ). In the rats with bilateral lesions there were no statistically sig nificant differences in ICBF between the hypoten- (b) ventrolateral pole of caudate-putamen; (c) lateral part of substantia nigra. These three regions showed marked in creases in both ICBF and ICMR g ,c bilaterally in the unilater ally stimulated animals.
sive and the normotensive states, but ICBF was sig nificantly or close to being significantly higher in the sensory-motor cortex, cingulate cortex, and lat eral geniculate of both the normotensive and the hypotensive groups than in the sham-operated rats ( Table 6 ).
DISCUSSION
The results of our study confirm that, as previ ously observed in anesthetized, paralyzed animals (Nakai et aI., 1983) , unilateral electrical stimulation of the FN with currents sufficient to raise arterial blood pressure is associated with statistically signif icant increases in ICBF in conscious unrestrained J Cereb Blood Flow Me/ab. Vol. 15. No.1, 1995 animals. The increases in blood flow are confined to a few selected regions, some of which also show statistically significant increases in ICMR g lc under comparable conditions of FN stimulation. These re sults are qualitatively not very different from those of Nakai et aI. (1983) . In our study in conscious rats ICBF was statistically significantly increased in 4 of the 22 brain structures examined, 3 cerebral cortical regions (i.e., sensory-motor, parietal, and frontal) and the caudate-putamen; ICMR g lc was increased in 6 structures (i.e., sensory-motor, frontal, and cin gulate cortices, globus pallidus, substantia nigra, and cerebellar cortex). The increases in both blood flow and metabolism were usually bilateral but were clearly not global and were selectively localized to discrete, specific regions in a pattern resembling that often seen in studies of functional or electrical activation of neural pathways (Savaki et aI., 1983; Porrino et aI., 1984a; Tzagournissakis et aI., 1994) . Nakai et aI. (1983) found, in anesthetized rats, in creases in ICBF in 24 and increases in ICMR g lc in 15 of 28 structures examined. All 15 of the structures with increased ICMR g lc also showed increased ICBF; 9 structures had increases in blood flow with out any change in metabolism, and 4 had no changes in either. On the basis of Fisher's exact test the distribution of structures with significant changes in blood flow is statistically significantly associated (p = 0. 035) with the distribution of those showing significant changes in metabolism. Never theless, despite the considerable overlap of regions with significant increases in ICBF and ICMR g lc and the wide anatomical dispersion of the nine regions in which ICBF was increased without correspond ing increases in ICMR g lc, Nakai et aI. (1983) focused on the five of the six cerebral cortical regions ex amined that showed this dissociation and concluded on that basis that the FN was part of an intrinsic neural pathway that provided neurogenic vasomo tor regulation of cerebral cortical blood flow. The results of our study, in which the effects on blood flow and metabolism were more narrowly distrib uted and those on metabolism more pronounced than those on blood flow, do not support this con clusion.
Because the experimental periods needed for measurement of ICBF and ICMR g l C are different, the durations of the electrical stimulation also dif fered during their determination in our study. It is unlikely, however, that this disparity played any important role in the number and concordance or discordance of the structures affected. The ICBF measurement was carried out with stimulations of 2 min; the ICMR g lc measurement required 46 min. The calculated rate of ICMR g lc is determined FIG. 5. Thionine-stained sec tion at level of the anterior por tion of the FN from a represen tative animal in which the left FN had been electrolytically de stroyed 7 days before the ICBF measurement. An electrolytic cavity surrounded by reactive gliosis is found to cover the en tire FN in comparison with the intact side. This section is iden tical to the tracing in Fig. 6a , Section 5. IP, interpositus nu cleus; D, dentate nucleus. L in dicates left side. largely, however, by the events in the first 5-10 min; the remainder of the time serves mainly to clear the unmetabolized labeled precursor from the tissue and thus to reduce the background noise level (Sokoloff et al., 1977) . The argument might be made a. Unilateral Lesion Rostral that if the stimulation had been maintained during the ICBF measurements for as long a period as it had been for the ICMR g lc determinations, additional structures might have shown significant increases in CBF without corresponding increases in metabo- The values are means ± SD of the number of the animals in the parentheses. Neither unilateral nor bilateral lesions of the cerebellar FN affected resting systemic blood pressure. Mild hypotension was successfully induced by hemorrhage within the range of autoreg ulation in both unilateral and bilateral lesion groups.
a p < 0.01 compared to the corresponding normotensive group with either unilateral or bilateral lesion (grouped t test) . b p < 0.05 compared to the corresponding normotensive group with either unilateral or bilateral lesion (grouped t test) . c p < 0.01 compared in the same animal just prior to the induction of hemorrhagic hypotension (paired t test) .
lism. , however, have re- Crane and Porrino (1989) have compared ICMR g lc in ported that increases in cortical CBF observed by freely moving rats and in rats restrained as in our laser-Doppler flowmetry occur within 30 s after study and found no differences in ICMR g lc except in starting stimulation and reach a plateau within 1 the motor cortex. min. Furthermore, if additional time of the order of In addition to our use of conscious rather than minutes was really required to increase blood flow anesthetized animals, there were also differences in in the tissues, then it would hardly support a neu-stimulation conditions that might have contributed rogenic rather than a chemical mechanism.
to the quantitative differences in the results. We Another difference during the measurements of stimulated with bipolar rather than unipolar elec-ICBF and ICMR g lc was the partial restraint used trodes to minimize current spread, which tends to during the latter. It is unlikely, however, that this be more extensive with the latter (Potegal et al., restraint contributed to the increases in ICMR g! c. 1980) . This probably influenced the current intensi- The values are means ± SD obtained in numbers of animals in parentheses. The averaged values of the right and left sides showed no statistically significant differences among the three groups for any brain structure (ANOV A).
a p < 0.05 compared to the intact side in the same animals (paired t test).
J Cereb Blood Flow Metab, Vol. IS, No. I, 1995 ties and, possibly, also the position of the electrode required to produce the effects. The threshold for increasing blood pressure with unipolar electrodes has been reported to be 5-20 /-LA, but five to eight times that level was usually used in studies of the effects on blood flow and/or metabolism (Iadecola et aI., 1993; Nakai et aI., 1983) . In the rats in our study in which blood pressure was increased by FN stimulation during the measurement of ICBF or ICMR g lc, the currents were 75-200 /-LA, and the electrode tips were located in or near the rostrome dial edge of the FN, the region described as the locus for the increases in blood pressure and ICBF (Nakai et aI., 1982 (Nakai et aI., , 1983 . Therefore, even with the bipolar stimulation, our electrode position and cur rent intensities were appropriate to achieve the pressor responses that were claimed to be essential to obtain the effects on blood flow. It has been well established that electrical stimu lation of the FN or a limited region close to it elicits a rise in systemic blood pressure (Miura and Reis, 1969) . Whether, however, there is a single locus for both the blood pressure and the blood flow re sponses is still not established (Chida et aI., 1986 (Chida et aI., , 1989 Mraovitch et aI., 1986) . As described under Results, we found, during the placement of the elec trodes under anesthesia, regions in which the stim ulation produced increases and decreases, as well as no effects on blood pressure. The increases were associated with stimulation at or near the rostrome dial edge of the FN, as described previously by Mi ura and Reis (196 9) and Miura and Takayama (1988) . Decreased or unchanged blood pressure during FN stimulation under anesthesia was ob served only when the electrode tips were elsewhere within the FN. We, therefore, also examined the effects of FN stimulation on ICBF in rats represen tative of all three groups after their recovery from anesthesia. Because their blood pressure responses had been different under anesthesia, we used an independent indicator of the effectiveness of FN stimulation when they were conscious, namely, stimulus-bound stereotypic behavior, which was readily recognizable in all conscious rats during FN stimulation. This behavior occurred with currents below those that affected blood pressure. There fore, even in the rats that had shown blood pressure responses under anesthesia, the blood pressures re mained unchanged by the FN stimulation during the measurement of ICBF in the conscious state. Iade-cola et al. (1993) emphasized that the current needed to increase blood flow in anesthetized rats is comparable to that required for blood pressure ele vation. In our experiments in conscious rats, how ever, we were constrained by the fact that current dependent tonic seizures occasionally occurred at currents below those that affected blood pressure. Nevertheless, the stimulus-b()und behavior pro vided evidence of the effectiveness of the FN stim ulation. Regardless of the nature of the blood pres sure response under anesthesia and the subregion of the FN stimulated, we were unable to change global or local ICBF with these lower currents that were sufficient to produce behavioral but not blood pres sure responses in conscious rats.
FN stimulation has not previously been reported to induce seizures in several species of conscious animals (Manzoni et aI., 1967; Achari et aI., 1973; Reis et aI., 197 3; Ball et aI., 197 4; Lisander and Martner, 1975; Dormer and Stone, 1977; Watson, 197 8; Berntson and Paulucci, 197 9) . In fact, FN stimulation has been reported to have inhibitory ef fects on seizure activities (Babb et aI., 1974) . Nev ertheless, the appearance of seizures in our studies on conscious rats was unmistakable. They occurred only occasionally and only with currents higher than those used during or prior to the measurements of blood flow or metabolism. It is possible that the seizures were the result of current spread to com ponents near the FN, a phenomenon that would be more likely to occur in small animals such as the rat than in dogs or cats. The current intensity used is also another potential factor. In conscious cats the threshold for cardiovascular responses was found to be lower than that for behavioral responses (Achari et aI., 1973; Reis et aI., 1973; Lisander and Martner, 1975) . To our knowledge there have been no reports of the comparative thresholds for blood pressure and behavioral response in rats. In our conscious rats the threshold for blood pressure re sponses was higher than that for the behavioral re sponse. This difference between rats and cats might also be explained by the spread of current in rela tively small brains.
It is of interest that FN stimulation produced ste reotypic behavior and increased blood flow and/or metabolism in some of the same regions (e.g., cau date-putamen, globus pallidus, substantia nigra) like those observed after administration of dopa mine agonistic drugs, e.g., amphetamine (Wechsler et aI., 197 9 ) and apomorphine (McCulloch et aI., 1982 ) , and Orzi et ai. (1983) and Porrino et ai. (1984b) have shown that the sterotypic behavior and the specific regions affected are closely related. Electrical stimulation of the FN in cats has been J Cereb Blood Flow Me/ab, Vol. 15, No. 1, 1995 reported to cause release of eH]dopamine in the ipsilateral caudate nucleus (Nieoullon et aI., 1978) , and unilateral lesions of the FN lead to degenera tion of fibers innervating the ipsilateral and, to a lesser extent, the contralateral substantia nigra (Snider et aI., 1976) . These results indicate the ex istence of a neural pathway between the FN and these nuclei. Stimulation of the ventrolateral stria tum by local administration of a selective D2 agonist results in orofacial stereotypies, such as licking, sniffing, and gnawing (Delfs and Kelley, 1990) . This is precisely the region in which we found increased ICBF and ICMR g lc in the conscious animals that were stimulated with the higher currents that also raised blood pressure and produced the same be havior. The same behavior is elicited with FN stim ulation even with lower currents. Similar behavioral responses to electrical stimulation of the FN have been observed by others (Ball et aI., 1974; Watson, 1978) .
The effects of unilateral and bilateral electrolytic destruction of the FN on ICBF were examined to determine if the FN exerted a tonic influence in the regulation of CBF. Previous studies have shown that bilateral lesions of the FN have little effect on resting systemic blood pressure (Huang et aI., 1977; Koyama et aI., 1980; Kadekaro et aI., 1983) . Our results also show no effects of FN lesions on resting arterial blood pressure and on global or ICBF as well. Lutherer et ai. (1983) reported that bilateral lesions of the FN increased the sensitivity of the blood pressure to the hypotensive effects of hem orrhage or endotoxins. We also induced hypoten sion by withdrawal of blood and found that the vol umes of blood needed to be withdrawn to reach a given hypotensive level were essentially the same in rats with lesions within the FN or outside the FN (data not shown). Our results do not provide any evidence for a role of the FN in the maintenance of normal resting tone in the cerebral or systemic blood vessels, but a role for the FN in recovery from hypotension is not excluded.
Under normal physiological conditions CBF is maintained relatively constant over a range of per fusion pressures (Lassen, 1959; Paulson et aI., 1990) . The mechanisms of this autoregulation are still undefined, but possible neurogenic mecha nisms have been sought (Gotoh et aI., 1980; Strandgaard and Paulson, 1984; Paulson et aI., 1990) . Ishitsuka et ai. (1986) reported that neurons within or fibers passing through the nucleus tractus solitarius might play a role in autoregulation with out affecting cerebral metabolism or resting blood flow in normotensive rats. The possibility that the FN might also play a role in autoregulation to main-tain CBF when perfusion pressures are reduced was also examined in our studies. Blood pressure was, therefore, reduced to hypotensive levels within the normal reported autoregulatory range for rats (Her mindez et al., 1978) in rats with unilateral or bilat eral FN lesions. CBF remained essentially un changed from the levels in normotensive rats with similar lesions, indicating that the cerebral vasodi latation in hypotension is not mediated via the FN.
